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In vivo, RNA polymerases (RNAPs) do not transcribe naked DNA but do transcribe protein-associated DNA.
Studies with the model enzyme T7 RNAP have shown that, in eukaryotic cells or in vitro, nucleosomes can
inhibit both transcription initiation and elongation. We examine here whether the presence of HU, one of the
major histone-like proteins in Escherichia coli cells (the genuine milieu for T7 RNAP) affects its activity. An
engineered lac operon fused to the T7 late promoter was introduced into the chromosome of T7 RNAP-
producing strains that either overexpress HU or lack it. The flows of RNAP that enter and exit this operon were
compared with regard to the content of HU. We found that the fraction of T7 RNAP molecules that do not reach
the end of the lac operon (ca. 15%) is the same whether the host cells overexpressed HU or lacked it: thus, the
enzyme either freely displaces HU or transcribes through it. However, in these cells, the transcript yield was
increased when HU is overexpressed and decreased in the hup mutants, presumably reflecting changes in DNA
supercoiling. Thus, in contrast to eukaryotic nucleosomes, HU does not impair T7 RNAP activity but has a
stimulatory effect. Finally, our results suggest that HU can also influence mRNA stability in vivo.
Bacteriophage T7 RNA polymerase (RNAP), the prototype
of T-odd phage-encoded RNAPs, has been the subject of con-
siderable interest over the last 15 years. In vitro, this mono-
meric enzyme (99 kDa), which is much simpler than cellular
RNAPs, can initiate transcription without the help of an addi-
tional factor(s) from a specific promoter (PT7) consisting of a
highly conserved 21-nucleotide sequence. Its crystal structure
has been determined both in isolation (56) and within the
initiation complex (10). Virtually any DNA sequence can be
efficiently transcribed when fused downstream of PT7, a prop-
erty which has proven invaluable for RNA studies. In addition,
T7 RNAP can be expressed in a variety of hosts, including
Escherichia coli, and this feature has been widely exploited for
overexpressing genes of interest in these hosts (17, 57, 58).
Because of its simplicity, T7 RNAP is also attractive for
investigating fundamental aspects of transcription. In particu-
lar, it has been used as a model for studying the effect of
histones on this process. In vitro, in a reconstituted system, the
presence of a nucleosome core within the promoter region
strongly inhibits initiation, whereas nucleosomes are less effi-
cient in inhibiting elongation: readthrough transcription still
occurs, but pausing and/or premature termination are en-
hanced (30, 43). More recently, it has been shown that incor-
poration of histone H1 into nucleosomes results in a much
more drastic inhibition of both initiation and elongation (42).
In vivo it was reported that transcription by T7 RNAP is
inhibited by nucleosomes in Drosophila cells (38); similarly, in
mammalian nuclei, the presence of a nearby enhancer can
favor transcription initiation by T7 RNAP, but subsequent
elongation is impaired (24).
The natural environment of T7 RNAP in vivo is not the
eukaryotic nucleus but rather the prokaryotic “nucleoid.” In
E. coli the activity of T7 RNAP may be affected by obstruct-
ing proteins, depending upon their location and the tight-
ness of their binding (19, 46). Thus, when bound at the very
beginning of the transcribed sequence, the lac repressor causes
T7 RNAP to terminate prematurely, whereas it has no effect
when bound further downstream. This property, which reflects
the sharp increase in the processivity of T7 RNAP after it has
transcribed the first few nucleotides, has been used to control
PT7 activity in vivo (15, 18, 34). However, it is not known
whether the abundant histone-like proteins present in E. coli,
such as protein HU, would affect T7 RNAP activity in a similar
way.
HU is a basic, thermostable protein composed of two ho-
mologous subunits of 9 kDa which exists predominantly in E.
coli as a heterodimer () during the stationary phase (11, 50,
52). HU, one of the most abundant DNA-binding proteins
associated with the E. coli nucleoid (51, 60), is well conserved
in bacteria, in eukaryotic organelles, and in some viruses (21,
41). Its interactions with DNA have been studied extensively.
In vitro, HU binds with a relatively low affinity to linear DNA
fragments with a density of one dimer per 9 bp regardless of
the sequence or length (6), but it binds more avidly to super-
coiled than to relaxed DNA (55). More recently, it was shown
that HU binds much more tightly to specific DNA structures
such as nicked or junction DNA, single-stranded or double-
stranded DNA forks, or a 3 overhang (25, 26). Finally, like the
histones, HU introduces negative supercoils in vitro into a
relaxed circular DNA in the presence of topoisomerase I and
condenses DNA in pseudo-nucleosome-like particles (53).
Whereas in eukaryotic chromatin essentially all of the super-
coiling is constrained by proteins, in E. coli cells only half of the
supercoiling is constrained (5, 8). Given its abundance and its
in vitro properties, HU is a plausible candidate for this role
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(53). This hypothesis was supported by the fact that HU was
shown in vivo to cross talk with the activity of topoisomerase I
(4).
To assess the effect of HU on the activity of T7 RNAP in E.
coli, we have exploited the techniques available for measuring
accurately the level of transcription through the E. coli chro-
mosome (35) and for manipulating the concentration of HU in
vivo (54). We report here that the presence of putative HU
obstructers has no detectable effect on transcription elonga-
tion. Whereas HU does not affect the processivity of elongat-
ing T7 RNAP, it clearly stimulates the transcript yield. This
stimulation is also observed in vitro when the template is su-
percoiled but not when it is linear, which seems to link this
stimulation to the effect of HU on DNA supercoiling. The
molecular mechanisms underlying these effects, which differ
from those observed with histones, are discussed below.
MATERIALS AND METHODS
Strains and plasmids. ENS134 (35) is a derivative of the T7 RNAP-producing
strain BL21(DE3) (57); its relevant features are summarized in Fig. 1. Strain
ENS305 (this work) differs from ENS0305 (33) by the presence of a chromo-
some-borne T7 RNAP gene; it was constructed similarly, except that MO20 (35)
was the recipient strain in the final transduction.
Plasmid pMW1 was described previously in (28). Plasmid pJW1 was obtained
by inserting the 1.2-kb EcoRI-HindIII fragment from pK01 (27) containing hupA
into pBR322 (J. Williams and J. Rouviere-Yaniv, unpublished data). Interrup-
tion of the hupA and hupB genes in ENS134 and ENS305 with chloramphenicol
or kanamycin resistance cassettes, respectively, was achieved by P1 transduction
with the corresponding C600 derivatives as donor strains (22).
For Northern and Western analysis, cells were grown at 37°C to an optical
density at 600 nm of 0.5 in M9 medium (40) supplemented with thiamine (1
g/ml), Casamino Acids (0.2%), glycerol (0.2%), IPTG (isopropyl--D-thioga-
lactopyranoside; 1 mM), and eventually ampicillin (100 g/ml) for plasmid main-
tenance.
Northern analysis. The extraction of RNA, its separation on agarose or acryl-
amide gels, and its blotting onto a nylon membrane were as described elsewhere,
as is the probing of tRNAArg5 and 5S rRNA with complementary 32P-labeled
oligonucleotides (33, 35). The lacZ mRNA was probed with a uniformly 32P-
labeled 1.8-kb HincII fragment internal to the lacZ gene (33). Radioactive signals
were quantified with a BAS 1000 Imager (Fuji).
Western analysis. Heterodimeric HU was purified according to a previously
described method (47). For analysis of HU expression, cells (30-ml culture) were
centrifuged, washed, and kept at 20°C before use. Pellets were resuspended in
400 l of extraction buffer (20 mM Tris HCl, pH 7.5; 400 mM NaCl; 1 mM
EDTA), heated for 10 min at 100°C, and centrifuged. The protein content of the
supernatant, which contains heat-resistant proteins, including HU, was deter-
mined with the Bio-Rad Protein Assay Reagent.
Samples (0.4 g) were electrophoresed on a 10 to 25% gradient of sodium
dodecyl sulfate-polyacrylamide gels (52) and blotted onto nitrocellulose (0.45
mm; Millipore HA) by using a Carboglas transblot apparatus (Schleicher &
Schuell). All steps were carried out at room temperature. The membrane was
incubated with phosphate-buffered saline containing 5% skimmed milk and then
with anti-HU polyclonal antibody (diluted 1/1,000). After being washed, the
membrane was incubated with an anti-rabbit immunoglobulin G (Fc)-peroxidase
conjugate (at 1/1,000) and washed again; these latter steps were done in phos-
phate-buffered saline containing 0.8% skimmed milk and 0.1% Tween 20. The
peroxidase activity was visualized with a solution of 3,3-diaminobenzidine (0.5
mg/ml)–30% H2O2 (1 ml/ml) in 100 mM Tris HCl (pH 7.6); the reaction was
quenched with water. The relative intensities of each band were quantified by
scanning with a PhosphorImager (Molecular Dynamics 410 System). The signal
intensities are converted into amounts of protein by comparison with standard
samples containing known quantities of purified HU. The concentration of pure
HU was determined from the absorbance at 230 nm, assuming that a solution of
pure HU at 1 mg/ml has an A230 of 2.3.
Calculation of mRNA stability. Since their rate of synthesis is the same, the
steady-state abundances of RNAs that derive from each other by sequential
processing are proportional to their respective half-lives. This relationship holds
in particular for the lac mRNA and reporter tRNA (Fig. 1). Since the latter is
stable, its “half-life” equals the cell doubling time (3); therefore lac mRNA
half-life  doubling time  the ratio of the mRNA and tRNA concentrations
(Table 1).
FIG. 1. Schematic representation of the strains used here. ENS134 and ENS305 are Lac derivatives of strain BL21(DE3), which harbors the
T7 gene 1 encoding T7 RNAP (thin closed box). The engineered lac operon from ENS134 consists of the T7 late promoter (PT7), the lac leader
sequence (open box), the lacZ coding sequence followed by the first third of the lacY sequence (hatched boxes), a tRNA gene used here as a
transcriptional reporter (black box), and two tandemly arranged terminators (Ter). Strain ENS305 is identical to ENS134 except for a deletion
(dotted lines) that brings the reporter just downsteam of the lac leader. In both strains, the hupA and hupB genes encoding protein HU can either
be wild type or transposon interrupted (by Tn9 and Tn5, respectively). Cells also eventually carry multicopy plasmids harboring either the hupA
or hupB genes (phup).
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RESULTS
Effect of HU upon transcription of lacZ gene by T7 RNAP in
vivo. To evaluate the effect of HU upon T7 RNAP transcrip-
tion in vivo, we started from the E. coli B strain ENS134 (35),
a T7 RNAP-producing strain in which T7 RNAP is used to
transcribe a chromosomal copy of the lacZ gene. Briefly, the
endogenous lacZ gene has been inactivated, and an engineered
version of the lac operon from the transcription start point to
the middle of the lacY gene has been inserted on the chromo-
some after fusion to the PT7 promoter. This operon is followed
by a modified copy of the E. coli tRNAArg5 gene and then by
two transcription terminators (Fig. 1). The tRNA product re-
mains stable after the decay of the transcript so that its accu-
mulation directly reflects the level of transcription in the re-
gion where it is inserted, i.e., it serves as the stable
transcriptional reporter (35).
Two procedures were used to manipulate the cellular HU
content in ENS134. To reduce this content, we inactivated
either one or both hup genes by replacing them by the trans-
poson-interrupted alleles hupA::Cm and hupB::Km (17), re-
sulting in hupA, hupB, and hupAB mutants. To increase the
cellular HU content, we used multicopy plasmids bearing ei-
ther the hupA or hupB genes under the control of their own
promoters. These pBR322 derivatives, pJW1 and pMW1 (see
Materials and Methods), are here named phupA and phupB.
The cellular content of HU in these different situations was
measured by Western blotting (Fig. 2A). As expected, the
expression of HU was either reduced or abolished altogether,
respectively, when one or both hup genes were inactivated.
Conversely, this expression was increased 2- to 2.5-fold in the
presence of plasmids phupA or phupB (Fig. 2A), as already
observed in a K-12 background (54). This comparatively mod-
est level of overproduction reflects the auto- and coregulation
of HU (32, 54). It is also noteworthy that both the absence of
HU and its overproduction resulted in a similar, moderate
increase in cell doubling time (Table 1).
To test whether variations in HU content affect transcription
from PT7, total RNA samples extracted from the same cultures
as described above were electrophoresed on agarose or poly-
acrylamide gels and blotted onto a nylon membrane. In the
experiment presented in Fig. 2B, the blots were probed for
tRNAArg5, as well as for 5S rRNA, the latter probing being
used for normalization purpose (point-to-point total RNA
loading). Remarkably, the higher the HU content, the higher
the expression of the tRNA relative to 5S rRNA (Fig. 2B), the
increase being three- to fourfold from the strain lacking HU to
the strains overexpressing it from either phupA or phupB (Ta-
ble 1). A similar increase was observed in the experiment
presented in Fig. 3 (ENS134 lanes). Since the expressions of
the tRNA and 5S rRNA reflect the rate of transcription
through the PT7 lac operon and through the rRNA gene, re-
spectively, we conclude that the presence of HU stimulates
transcription of PT7 controlled lac operon compared to that of
the rRNA operons. To confirm the effect of HU on the activity
of T7 RNAP, we measured in vitro the transcription yield in
function of increasing amounts of HU with two different DNA
substrates. When the template was supercoiled, a global rise in
the yields of all transcripts was observed, whereas with a linear
template such an increase was undetectable (data not shown).
HU does not impair T7 RNAP elongation in vivo. To test
whether the presence or absence of HU affects the processivity
of elongating T7 RNAP in vivo, we used strain ENS305, which
is isogenic with ENS134 except for the deletion of the lacZ-
FIG. 2. (A) Western blot showing the abundance of the HU pro-
tein in ENS134 derivatives (see Fig. 1) carrying a variable set of hupA
or hupB genes, as indicated above each lane. (B) Northern blot show-
ing the abundance of the reporter tRNA and 5S rRNA (arrow) in the
same cultures used for panel A.
TABLE 1. Transcription efficiency and mRNA stability
Strain (doubling time [h])
ENS134 (long construct) ENS305 (short construct)
tRNAa
(mean concn 	 SD)
lacZ mRNA a,b
(mean concn 	 SD) mRNA stability
c tRNAa
(mean concn 	 SD)
tRNA
(long/short)
Wild type (0.8) 100d 100d 100d 117 	 1 0.85 	 0.01
hupA mutant (0.8) 72 	 10 90 	 10 125 NDe ND
hupB mutant (0.8) 76 	 8 90 	 10 118 ND ND
hupA hupB mutant (1.1) 59 	 9 70 	 5 163 87 	 5 0.68 	 0.13
Wild type, pBR322 (0.8) 100d 100d 100d 123 	 4 0.81 	 0.03
Wild type, phupA (1.2) 163 	 12 100 	 10 92 170 	 30 0.96 	 0.3
Wild type, phupB (1.0) 168 	 30 125 	 12 93 140 	 8 1.0 	 0.25
a tRNA and mRNA concentrations (average of three determinations) are measured with respect to 5S rRNA (see the text).
b Summed abundance of the 4.3- and 3.2-kb species (see Fig. 4).
c Defined as mRNA  doubling time/tRNA; see Materials and Methods.
d Values for wild-type ENS134 cells are arbitrarily set to 100.
e ND, not determined.
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lacY operon (“short transcript” versus “long transcript”; see
Fig. 1). As a result of this deletion, the tRNA gene now im-
mediately flanks the PT7 promoter (it extends from nucleotide
37 downward with respect to the transcription start) instead of
being located 3.8 kb away. The ratio of the tRNA expression in
the two different locations is a measure of the processivity of
T7 RNAP over the lengthy lacZ-lacY operon (Fig. 1). We then
compared the expressions of the tRNA transcriptional re-
porter (normalized to the 5S rRNA) in the two strains, either
mutated for HU or carrying overproducing plasmids.
In hup cells harboring the natural content of HU, the
expression of the reporter tRNA dropped by ca. 15% in going
from the promoter-proximal to the promoter-distal location
(ENS305 versus ENS134 lanes in Fig. 3; see also Table 1). This
figure, which matches previous estimates, means that 15% of
the T7 RNAP molecules that enter the lacZ-lacY operon fall
off before reaching the end (33). Strikingly, this percentage did
not vary significantly when HU was either overexpressed (i.e.,
in the presence of phupA or phupB) or totally absent (Table 1).
Therefore, the presence of obstructing HU molecules over the
transcribed template does not disfavor (nor indeed favor) the
elongation of T7 RNAP across the template.
HU can destabilize mRNAs. We next examined the effect of
HU upon the steady-state level of the lac mRNA in ENS134
cells. To this end, the same membrane used to assess the effect
of HU upon tRNA expression (Fig. 2B) was reprobed with a
lacZ internal probe. As seen in Fig. 4, this probing revealed the
full-length operon transcript (4.3 kb) and a 3.2-kb species cor-
responding to the processed lacZ mRNA (23), together with
incomplete molecules. Interestingly, the comparison of Fig. 2B
and 4 (see Table 1 for quantification of the data) shows that,
when the HU content is raised (and regardless of the phup
plasmid used for HU overexpression), the level of the 4.3- and
3.2-kb species does not follow the tRNA level but instead
remains nearly constant. This observation suggests that, aside
from stimulating the transcription of the lacZ gene compared
to that of the rRNA operons, HU also destabilizes the lacZ
mRNA so that it does not accumulate in proportion to the
transcription rate. This inference was confirmed by a quanti-
tative treatment of the data (mRNA stability column in Table
1; see Materials and Methods for details).
DISCUSSION
HU does not affect elongating T7 RNAP. As shown in Fig. 3
and Table 1, the presence (or absence) of HU in E. coli cells
does not significantly affect the ability of the elongating T7
RNAP to cross the lac operon. Like other RNAPs, T7 RNAP
undergoes a sharp increase in processivity after completion of
the transcription of the first few nucleotides (the “initially
transcribed sequence”) (33). Because of the position and size
of the reporter tRNA, our in vivo approach can only record
processivity variations downstream of the initially transcribed
sequence. Therefore, these experiments show that, after it has
switched to the processive mode, T7 RNAP is insensitive to the
presence of obstructing HU molecules in vivo. The same result
has been observed with proteins such as the lac repressor
which bind tightly to specific DNA sites (18, 34). Presumably,
HU dimers, which bind double-stranded DNA with low and
uniform affinity (6, 47), are easily ejected by the elongating T7
RNAP and therefore cannot hamper its movement, even
though many of them are likely encountered over the lengthy
lac operon. This view is in accordance with the hypothesis that
HU can jump onto and off of linear or supercoiled DNA (14).
A somewhat different result is observed with core histones: in
vitro, their presence results in enhanced pausing or premature
termination, although readthrough transcription still occurs
(30, 43). Presumably, this difference reflects the fact that his-
tones bind DNA much more avidly than does HU (53).
HU stimulates the overall transcript yield from PT7. Al-
though it has no effect on elongation, the presence of HU
increases the transcript yield from T7 RNAP (Fig. 2B and 3).
Since this yield is evaluated relative to that of rRNA, this result
could in principle reflect a decrease in rRNA synthesis by E.
coli RNAP rather than a stimulation of lac mRNA synthesis by
T7 RNAP. However, the growth rate of cells that either over-
express HU or lack it altogether is the same, suggesting that
they synthesize rRNA at the same rate (7). We therefore infer
that HU stimulates the activity of T7 RNAP in vivo. Since
elongation is not affected, this stimulation must occur at the
FIG. 3. Comparison of tRNA expression in derivatives of ENS134
(“long construct”) or ENS305 (“short construct”) carrying a variable
set of hupA or hupB genes. RNA separation, blotting, and probing
were as in Fig. 2B except that polyacrylamide-urea gels were used in
place of agarose gels. All symbols are as described in Fig. 2.
FIG. 4. The same blot used in Fig. 2B was stripped and reprobed
with a lacZ internal probe. The locations of the full-length operon
transcript (4.3 kb) and the processed lacZ mRNA (3.2 kb) are indi-
cated with arrows.
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initiation level. Consistent with this view, we have found that,
in vitro, pure HU can also stimulate transcription initiation by
T7 RNAP on supercoiled templates. Again, HU differs mark-
edly from core histones in this respect, since the latter mark-
edly depress transcription initiation by T7 RNAP (30, 43).
At present, we can only speculate about the mechanism
whereby HU increases transcription initiation in vivo (or in
vitro when the template is supercoiled). The most likely pos-
sibility is that the stimulation reflects changes in the DNA
topology. In vitro, HU constrains supercoiling by wrapping
DNA and therefore reduces free superhelicity if the substrate
is supercoiled (53). In vivo, variations in HU content also result
in superhelicity changes, although these changes are largely
offset by either an increase in topoisomerase I activity or by
compensatory mutations in DNA gyrase (4, 36). We hypothe-
size that HU stimulates the activity of PT7 in vivo by constrain-
ing negative DNA supercoiling, thereby decreasing free super-
helicity. Consistently, it has been observed that in vitro the
transcript yield from PT7 is almost twofold higher when the
template is relaxed rather than supercoiled (48). This positive
effect of HU would more than compensate for the hindrance to
initiation due to the presence of HU dimers in the promoter
region. In contrast, with the more tightly bound histones, the
hindrance effect would predominate.
That HU affects transcription in vivo is not unprecedented.
It was first isolated as a factor enhancing the in vitro transcrip-
tion of bacteriophage lambda genes by E. coli RNAP (50).
Subsequent work has shown that HU can modulate the activity
of individual promoters, including the hup promoters (32, 54).
Moreover, HU was shown to modulate the interaction of sev-
eral regulators with their specific sites on DNA. Thus, HU
stimulates the binding of lac repressor and CAP to the lac
promoter (16), it displaces the LexA repressor from its specific
binding sites on the SOS gene promoters (49), and it modu-
lates the repression of the glpD gene (61). HU was also shown
to contribute to Gal repression (1) and to Mu transpososome
assembly (31).
Regarding this stimulatory effect on transcription, it should
be recalled that HU is considered a functional conserved pro-
karyotic counterpart of a mitochondrial DNA binding protein
involved in the control of replication and transcription. In fact,
this protein, called HM or ABF2 in yeast and mTFA in higher
organisms, is often considered a transcription factor (12, 44).
When investigating the possibility that HU, a highly conserved
protein present in most bacteria but also in plant chloroplasts,
is also present in mitochondria, we isolated the HM protein
from yeast mitochondria. HM, like HU (but more efficiently
than HU), could introduce negative supercoiling into a relaxed
DNA in the presence of a topoisomerase I activity (9). How-
ever, HM (mTFA and ABF2) did not show any sequence
homology with the HU family but displays, as shown more
recently, a high homology with the HMG family of proteins
(13, 29). Nevertheless, the functional link between HU and
HM was confirmed by several groups which have shown that a
deficiency in the yeast protein (HM or ABF2) was comple-
mented not only by its human counterpart mTFA (45) but also
by the E. coli HU protein (39). Interestingly, in this context, T7
RNAP is closely related to mitochondrial RNAP (37).
HU can destabilize mRNAs in vivo. During the course of this
work, we unexpectedly observed that the stability of the lac
transcript synthesized in ENS134 cells is inversely correlated
with the cellular HU content (Table 1). This property is unre-
lated to the fact that this transcript is synthesized by T7 RNAP:
we have previously described a strain (ENS133) that is identi-
cal to ENS134 except for the replacement of PT7 by the gen-
uine lac promoter (35). Interestingly, the stability of the lac
transcripts from either ENS133 or ENS134 is similarly affected
by variations in the cellular HU content (P. Morales, unpub-
lished results). This increase in HU content might affect
mRNA stability indirectly by stimulating the synthesis of
RNases (e.g., RNase E) that are involved in degradation. Al-
ternatively, HU could act more directly by binding to mRNAs.
Indeed, HU was initially characterized as a heat-stable, acid-
soluble E. coli protein that binds equally well to double-
stranded DNA, single-stranded DNA, or RNA cellulose col-
umns, resembling eukaryotic histones in this respect (6, 53).
Interestingly, protein Hfq, another chromosomal protein
which binds to both RNA and DNA, has recently attracted
attention as an mRNA-destabilizing factor (20, 59). In this
respect, it is interesting to recall that HU, like Hfq, has been
recently found to stimulate the translation of RpoS, the sigma
factor specific for the stationary phase and stress (2).
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